Background
==========

Bacterial adhesive proteins, proteinaceous adhesins, are frequently the most critical factor at the onset of a bacterial infection \[[@B1]-[@B3]\]. The identification and characterization of such adhesins at the molecular level is therefore crucial for the detailed understanding of bacterial pathogenesis, for the design of vaccines and for the development of novel antibacterial drugs \[[@B4],[@B5]\]. Although some bacterial adhesins have successfully been produced on a large scale and described in detail (for examples the reader is referred to recent reviews and original publications \[[@B1]-[@B3]\]), this type of molecules are often difficult to express by conventional techniques or they possess a complicated structure \[[@B6]\]. This has in many cases hampered further characterization of bacterial adhesins and various surface display techniques and alternative expression methods have been developed for the analysis of adhesive polypeptides. However, commonly used surface display techniques suffer from the drawback that they rely on the attachment of the gene product of interest to the surface of the carrier, for example the phage \[[@B7]\], the bacterium \[[@B8],[@B9]\], or the ribosome \[[@B10]\], which may compromise correct folding of the polypeptide of interest. Reports on high-level extracellular secretion of heterologous proteins in Gram-negative bacteria are scarce and these expression techniques are currently a field of active research \[[@B11],[@B12]\].

The adhesion of the important and highly versatile human pathogenic bacterium *Staphylococcus aureus*to host surfaces is mediated by a range of adhesins, some of which are very well characterized \[[@B13]\]. The majority of *S. aureus*adhesins belong to the group of microbial surface components recognizing adhesive matrix molecules, MSCRAMMs \[[@B3],[@B14]\], whereas others represent secretable expanded repertoire adhesive molecules \[[@B15]\]. Some of the known *S. aureus*adhesins have been identified by phage display based on staphylococcal genomic libraries, a technique also used for identification of secreted proteins of the bacterium \[[@B16]-[@B19]\]. Bacterial surface display and ribosome display have been exploited for the mapping of *S. aureus*epitopes recognized by human antibodies and for the identification of peptide motifs that mediate entry into eukaryotic cells \[[@B20]-[@B22]\]. Nevertheless, on the basis of genomics and proteomics data, a number of surface proteins and approximately 1000 proteins of unknown function in the proteome of *S. aureus*remain to be characterized \[[@B13],[@B23]\] and among these also lie putative novel adhesins.

We recently described an efficient technique for the secretion of foreign proteins into the growth medium of a secretion-competent derivative of the *Escherichia coli*K12-strain called MKS12 \[[@B24]\]. The genes encoding the flagellin (FliC), the flagellar cap (FliD), and the common type 1 fimbriae have been deleted from the chromosome of this strain. Secretion is facilitated by the use of an expression-secretion cassette that includes DNA elements from the flagellin operon of *E. coli*.

In the current report, we further develop the secretion technique \[[@B24]\] into a tool for molecular microbiology and biotechnology and demonstrate its application for the human pathogenic bacterium *S. aureus*. We chose the versatile and important pathogen *S. aureus*as a model organism and constructed a library of random FLAG-tagged staphylococcal polypeptides in the secretion-competent host *E. coli*MKS12 (Δ*fliCfliD*). We sequenced all the inserts carrying a FLAG-encoding sequence and screened the FLAG-tagged polypeptides directly from cell-free growth medium for adhesive properties. The majority of the secreted polypeptides did not bind to the tested target molecules, but we identified totally eight adhesive polypeptides from the library. As a result, we were able to generate a technique, which allows rapid screening of novel bacterial polypeptides directly from the growth medium of *E. coli*.

Results
=======

Construction of a primary genomic library of *S. aureus*in *E. coli*
--------------------------------------------------------------------

We constructed the vector pSRP18/0 (Figure [1A](#F1){ref-type="fig"}) carrying the expression-secretion cassette previously shown to efficiently facilitate secretion of heterologous polypeptides in *E. coli*MKS12 \[[@B24]\]. An *Eco*RV restriction site was inserted for cloning of blunt-ended DNA fragments between the DNA fragment carrying nucleotides 1-60 of the *fliC*gene (*fliC*1-60), which in our previous work has been shown to facilitate extracellular secretion of heterologous proteins in *E. coli*MKS12 \[[@B24]\], and the FLAG-tag encoding sequence \[[@B25]\] added for later screening purposes; a stop codon was added at the 3\' end of the *flag*sequence.

![**Elements used in construction of the polypeptide secretion library of *S. aureus* in *E. coli***. A. Expression vector pSRP18/0 contains an expression cassette comprised of a 5\' untranslated sequence upstream of the flagellin gene of *E. coli*MG1655 (*fliC*~MG1655~) here indicated *fliC*5\'UTR, a DNA fragment encoding the N-terminal 20 amino acids *fliC*~MG1655~(*fliC*1-60), a synthetic FLAG tag encoding sequence (*flag*) and a 3\' untranslated region downstream of *fliC*~MG1655~(*fliC*3\'UTR). *Eco*RV indicates the unique cloning site for foreign DNA fragments, horizontal arrows indicate the oligonucleotides used as primers for PCR (017F, 025F and 028R) and sequencing (017F and 071R) of the cloned inserts and black lines indicate sequences of the plasmid pBR322. *Sal*I and *Bam*HI indicate the restriction sites created during cloning of the expression cassette into pBR322. B. Agarose gel electrophoretic analysis of the chromosomal DNA isolated from *S. aureus*NCTC 8325-4 and used in generation of the library. The purified DNA is shown in the left lane, randomly fragmented and blunted DNA in the right lane. Ns indicate not sonicated and s stands for sonicated and polished DNA. The positions of molecular weight markers in base pairs are shown to the right.](1471-2180-11-117-1){#F1}

Purified chromosomal DNA from *S. aureus*subsp. *aureus*(from now on called *S. aureus*) strain NCTC 8325-4 \[[@B26]\] was sonicated into fragments mainly 250 to 1000 bp in length (Figure [1B](#F1){ref-type="fig"}). The polished, blunt-ended DNA fragments were ligated into pSRP18/0 and transformed into the secretion-competent strain *E. coli*MKS12 to generate a primary genomic library including more than 80 000 colonies. By colony PCR, the cloning efficiency, i.e. the% insert-carrying transformants of all transformants, was estimated from 200 randomly picked colonies to be 60% and the average insert size of 200 randomly picked insert-containing clones was estimated to be approximately 400 bp. The PCR primers used are shown in Figure [1A](#F1){ref-type="fig"}.

Generation of the final FLAG-tag positive (Ftp) library in *E. coli*
--------------------------------------------------------------------

The 80 000 colonies of the primary genomic library were screened by colony blotting using anti-FLAG antibodies for exclusion of transformants carrying an empty vector or insertions out-of-frame in relation to the FLAG tag. Totally 1663 clones were confirmed to carry gene products with C-terminal FLAG tags and these were included into the final Ftp library. Colony-blot analysis showed that MKS12 (pSRP18/0) with the empty vector reacted with monoclonal anti-FLAG antibodies as weakly as MKS12 carrying no plasmid (data not shown), thus confirming that the Ftp colonies did possess an insertion in their plasmids.

Sequence analysis of the Ftp library
------------------------------------

The coverage of the Ftp library was determined by sequencing the inserted DNA fragments in both directions in all the 1663 Ftp library clones. The sequencing primers are shown in Figure [1A](#F1){ref-type="fig"}. The sequence of the insert was successfully determined in 1514 clones using the 017F primer and in 1564 clones with the 071R primer. When projected over the genome sequence of *S. aureus*NCTC 8325 using genomic blast searches \[[@B27]\], the 1514 sequences obtained using the 017F primer corresponded to 708963 nt in total and covered 435809 nt of the genome. For the later 1564 sequences obtained with the 071R oligonucleotide, the corresponding values were 769323 nt and 462172 nt, respectively. The sequenced inserts overlapped totally 345890 nts of the genome, thus the overlap of the Ftp library was 63%.

Comparison of the Ftp library sequences with the gene sequences of *S. aureus*NCTC 8325 using BLASTN revealed a significant match for 1325 and 1401 of the 1514 and 1564 determined insertion sequences. The inserts showed homology to 808 and 845 gene sequences, respectively, and covered in total 950 gene sequences in *S. aureus*NCTC 8325. The matches were distributed randomly and evenly over the staphylococcal chromosome (Figure [2](#F2){ref-type="fig"}). Based on genomic and proteomic data, the theoretical number of encoded proteins in *S. aureus*NCTC 8325 is 2891 \[[@B28],[@B29]\], which indicates that our final Ftp library covers approximately 32% of the staphylococcal proteome. In comparison to advanced but laborious proteomic methods \[[@B30]\] this coverage can be considered reasonable and most of all, it could have been increased by construction and screening of a larger primary genomic library, which had created a higher number of Ftp clones. For a summary of the sequence data obtained from the Ftp library, see Additional file [1](#S1){ref-type="supplementary-material"} Table S1, which shows that several gene fragments encoding polypeptides of known staphylococcal adhesins such as IgG-binding proteins Protein A and Sbi, fibronectin-binding protein A (FnBPA), clumping factors A and B, elastin-binding protein EbpS, extracellular matrix (ECM) -binding proteins Ebh and Emp, the SD-rich fibrinogen-binding protein as well as enolase \[[@B3],[@B13],[@B31]\] were present in the library.

![**Distribution of DNA fragments of the Flag-tag positive library clones on the *S. aureus* chromosome**. The height of the bars represents the density of matches in windows of 4 kbp for the first sequence batch obtained with primer 017F (innermost circle) and the second sequence batch obtained using primer 071R (middle circle). The size of the chromosome is 2.82 Mbp (outermost circle); coordinates of the chromosome are indicated in Mbp.](1471-2180-11-117-2){#F2}

Nucleotide sequencing of the Ftp clones also showed that three types of inserts existed (examples are presented in Table [1](#T1){ref-type="table"}). In the optimal cases, which represented 31% of the Ftp library, the clones carried only one staphylococcal gene or gene fragment which was in the same reading frame as the FliC fragment, added to the construct to facilitate extracellular secretion, and the FLAG-tag. This type of constructs was exemplified by clones named ΔNarG, ΔFnBPA, ΔEbh and ΔCoa. In another case, the staphylococcal gene was in the same reading frame only with the FLAG-tag rendering a gene product without an N-terminal FliC sequence. In the third type of clones several staphylococcal ORFs were identified in the cloned DNA fragment; e.g. two in the clones named ΔPurK, ΔSCOR, ΔUsp and ΔIspD or three in the clone named ΔPBP, although only the distal gene product carried the FLAG tag. We hypothesize that the translation of a FLAG-tag positive gene product in the later two cases, which represented 69% of the library clones, proceeds from the staphylococcal ribosomal binding site (RBS) detected in the 5\' untranslated region (5\'UTR) of the ORF closest to the FLAG-tag encoding sequence. Hence, the expressed product would be encoded by the last gene fragment of the cloned DNA sequence, would not carry the N-terminal FliC sequence, but would be FLAG-tag positive. Phage display results obtained by Rosander and coworkers \[[@B18]\] as well as our results from sequencing and Western blot analysis (Figure [3A](#F3){ref-type="fig"}) of selected library clones support the hypothesis of translation of the FLAG-positive gene products from a staphylococcal RBS in *E. coli*. The FLAG-tagged polypeptides observed in the cells of clones ΔPBP, ΔPurK, ΔSCOR, ΔUsp and ΔIspD did not react with anti-flagella antibodies whereas the polypeptides of clones ΔNarG, ΔFnBPA, ΔCoa and ΔEbh did react (data not shown). This result further supports the hypothesis of translation starting from staphylococcal RBSs.

###### 

Examples of Ftp library clones that express adhesive polypeptides

  ---------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------
  Clone Name   Length of insert\*   Chromosomal location of insert^†^   ORFs^‡^in insert   Predicted gene product(s) of the Ftp-clone   Presence of FliC~1-20~and/or FLAG-tag in the gene product   Binding specificity of the product   Predicted molecular mass^\#^
  ------------ -------------------- ----------------------------------- ------------------ -------------------------------------------- ----------------------------------------------------------- ------------------------------------ ------------------------------
  ΔNarG        393                  2465481-2465873                     **1) 02681**       **NarG**^§1^                                 **FliC~1-20~**\                                             **None**                             **18.5**
                                                                                                                                        **FLAG-tag**                                                                                     

  ΔFnBPA       346                  2581863-2582208                     **1) 02803**       **FnBPA**^§2^                                **FliC~1-20~**\                                             **Fn**                               **16.6**
                                                                                                                                        **FLAG-tag**                                                                                     

  ΔEbh         582                  1398633-1399214                     **1) 01447**       **Ebh**^§2^                                  **FliC~1-20~**\                                             **Fn**                               **24.2**
                                                                                                                                        **FLAG-tag**                                                                                     

  ΔCoa         825                  212434-213258                       **1) 00192**       **coagulase**                                **FliC~1-20~**\                                             **Fg, Fn**                           **34.2**
                                                                                                                                        **FLAG-tag**                                                                                     

  ΔPurK        383                  979768-980150                       1\) 01008          out of frame^¶^                              No                                                                                               

                                                                        **2) 01009**       **PurK ^§1^**                                **FLAG-tag**                                                **Fn, Fg**                           **14.6**

  ΔSCOR        484                  2667518-2668001                     1\) 02897          terminator in sequence                       FliC                                                                                             

                                                                        **2) 02898**       **Putative SCOR^§1^**                        **FLAG-tag**                                                **Fn, Fg**                           **17.7**

  ΔUsp         664                  1724620-1725283                     1\) 01818          out of frame^¶^                              No                                                                                               

                                                                        **2) 01819**       **Usp**^§1^**-like**                         **FLAG-tag**                                                **Fn, Fg, CIV**,                     **19.3**

  ΔIspD        885                  244692-245576                       1\) 00223          out of frame^¶^                              No                                                                                               

                                                                        **2) 00225**       **IspD**^§2^                                 **FLAG-tag**                                                **Fn, Fg**                           **13.4**

  ΔPBP         756                  2257336-2258091                     1\) 02433          out of frame^¶^                              No                                                                                               

                                                                        2\) 02432          out of frame^¶^                              No                                                                                               

                                                                        **3) 02430**       **putative PBP**^§1^\                        **FLAG-tag**                                                **Fn, Fg**                           **6.7**
                                                                                           **of ABC**^§1^**transporter**                                                                                                                 
  ---------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------

\* In base pairs

† In *S. aureus subsp. aureus NCTC 8325*

‡ Open reading frames (ORFs) in the clones are partial, the number refers to the systematic gene identifier SAOUHSC_no. in the GenBank database, a locus_tag

§1 Abbreviations of TIGR Family names: NarG, nitrate reductase α-subunit; PurK, Phosphoribosylamino-imidazole carboxylase ATPase subunit; SCOR, short-chain oxidoreductase; Usp, universal stress protein family; PBP, periplasmic binding protein; ABC, ATP-binding cassette

§2 Abbreviations of the protein names: FnBPA, fibronectin binding protein A; Ebh, extracellular matrix binding protein homologue; IspD, 2-C-methyl-D-erythritol 4-phosphate cytidylyltransferase

^¶^The reading frame is in relation to *fliC*and *flag*sequences

\# Molecular mass in kilodaltons. The molecular mass of FliC~1-20~and FLAG-tag included when present in the gene product

![**Properties of polypeptides secreted into the growth medium by the Ftp library clones and purified His-recombinant polypeptides**. A. Upper panel shows the binding of cell-free growth media from the library clones to ECM proteins and the control protein fetuin immobilized in polystyrene microtitre wells as analyzed by ELISA. Lower panel shows Western blot analysis with monoclonal anti-FLAG antibodies of bacterial cells (C) and TCA-precipitated cell-free growth media (S) of the corresponding clones. Vector indicates growth medium from MKS12 (pSRP18/0), D1-D3 denotes polypeptides secreted by MKS12 (pSRP18/0D1-D3), and the names indicate individual library clones. The cell samples correspond to 50 μl and the supernatants to 500 μl bacterial culture, except in the case of clones ΔPBP, ΔUsp, ΔIspD, ΔEbh where supernatant samples corresponding only to 100 μl of culture were loaded due to the high expression level of the polypeptide. B. Upper panel presents the binding of His-tagged recombinant polypeptides to ECM proteins immobilized in polystyrene microtiter wells as analyzed by ELISA and the lower panel shows SDS-PAGE analysis of affinity-purified recombinant polypeptides. The names following His-indicate polypeptides encoded by gene fragments subcloned from corresponding individual library clones. The values are averages of 2 to 3 parallels from 2 to 4 individual experiments, showing the standard deviation as error bars. CI, type I collagen; CIV, type IV collagen; Fn, fibronectin; Fg, fibrinogen; Fet, control protein fetuin. Molecular masses in kDa are indicated to the left.](1471-2180-11-117-3){#F3}

Adhesive properties of FLAG-tagged polypeptides in cell-free growth media of Ftp library clones
-----------------------------------------------------------------------------------------------

With the goal to detect known and novel staphylococcal proteinaceous adhesins but on the other hand also to test the applicability of the technique, we analyzed in an enzyme-linked immunoassay (ELISA) the binding of cell-free growth media of the 1663 Ftp library clones to a restricted selection of purified human proteins, which are well-known staphylococcal ligand molecules. These target proteins, i.e. fibrinogen (Fg), plasma fibronectin (Fn), type I and type IV collagens (CI and CIV) as well as the control protein fetuin (Fet), were immobilized in polystyrene microtitre wells and cell-free culture media of the library clones were allowed to bind. Of the totally 1663 clones tested, the polypeptides in the supernatants of eight clones bound to Fn (ΔPBP, ΔFnBPA, ΔPurK, ΔSCOR, ΔCoa, ΔUsp, ΔIspD, ΔEbh) and six to Fg (ΔPBP, ΔPurK, ΔSCOR, ΔCoa, ΔUsp, ΔIspD). The polypeptides in the supernatant of clone ΔUsp interacted with CIV similarly as with the control protein Fet. The binding properties are shown in the upper panel of Figure [3A](#F3){ref-type="fig"}. The supernatants of the remaining 1655 clones and of the vector strain showed no binding to the tested target proteins, functioned as internal negative controls, and thus indicated specificity in the binding assays. In Figure [3A](#F3){ref-type="fig"}, clone ΔNarG represents an example of clones expressing non-binding polypeptides; D1-D3 represents polypeptides expressed by MKS12 (pSRP18/0D1-D3) and was included as a Fn-binding positive control \[[@B32]\].

According to our sequence and binding data, three of the Ftp clones expressed adhesive polypeptides previously characterized as adhesins of *S. aureus*, namely the Fn-binding repeats D1-D3 of the Fn-binding protein FnBPA (the clone named ΔFnBPA), a Fn-binding fragment of the ECM-binding protein Ebh (named ΔEbh) and a Fg-binding fragment of staphylocoagulase (named ΔCoa) \[[@B32]-[@B34]\]. The coagulase fragment includes the conserved central region and 15 residues of the 27 amino-acids long repeat 1 of coagulase. In group A streptococci, individual repeats of coagulase have been shown to bind Fg and we therefore speculate that the short fragment of repeat 1 mediates the Fg binding we observed \[[@B35],[@B36]\].

The remaining five Ftp clones, which secreted adhesive polypeptides, encoded mainly Fn- or Fg-binding gene products. According to the sequence data, these Ftp-polypeptides were i) an N-terminal fragment of the substrate binding protein of an iron compound ABC transporter (in clone named ΔPBP), ii) an N-terminal fragment of the ATPase subunit of phosphoribosyl aminoimidazole carboxylase (in clone ΔPurK), iii) an N-terminal fragment of a putative short chain oxidoreductase (in clone ΔSCOR), iv) a putative universal stress protein (in clone ΔUsp), and v) the N-terminal half of 2-C-methyl-D-erythritol 4-phosphate cytidylyltransferase (in clone ΔIspD) of *S. aureus*NCTC 8325 \[[@B29],[@B37]-[@B39]\]. The gene product of the non-adhesive control clone turned out to be a central fragment of the α-subunit of nitrate reductase and was named ΔNarG \[[@B29]\].

Western blot analysis of the cell-free growth medium from Ftp clones
--------------------------------------------------------------------

To determine the apparent molecular mass of the Ftp polypeptides expressed by the Ftp library clones and to confirm the presence of the C-terminally FLAG-tagged peptides in the growth medium, we analyzed whole cells and cell-free growth media of the clones by Western blotting using anti-FLAG antibodies. The results are presented in the lower panel of Figure [3A](#F3){ref-type="fig"} and show that the FLAG-tagged gene products were detected in whole cell samples (C) and cell-free supernatants (S), but in varying amounts in each clone. The apparent molecular mass of the secreted polypeptides was in good agreement with their theoretical molecular mass calculated on the basis of the deduced amino acid sequence (Table [1](#T1){ref-type="table"}). The FLAG-tagged polypeptide expressed by the clone ΔCoa has however a predicted molecular mass of 34.2 kDa whereas the apparent molecular mass was approximately 45 kDa. The reason for this aberrant migration pattern is unknown, but it is not related to a high content of acidic amino acids causing a slow migration pattern in SDS-PAGE as reported with some other staphylococcal adhesins \[[@B40]\].

Verification of the adhesive polypeptides
-----------------------------------------

To confirm the results obtained with supernatants of the Ftp library clones, the DNA sequences identified as encoding the adhesive polypeptides (Table [1](#T1){ref-type="table"}) were expressed in the cytoplasm of *E. coli*as recombinant polypeptides with six histidine residues at their N-termini by conventional methods. The purified polypeptides (His-ΔPBP, His-ΔNarG, His-ΔFnBPA, His-ΔPurK, His-ΔCoa, His-ΔUsp and His-ΔEbh) are shown in the lower panel of Figure [3B](#F3){ref-type="fig"}. The concentration of the His-polypeptides was first determined from Coomassie-stained SDS-PAGE gels by analysis of whole band intensity of the corresponding polypeptide using image analysis with an internal protein standard of known concentration. The polypeptides were then assessed for binding to immobilized target molecules by ELISA (at a concentration of 20 nM) and surface plasmon resonance (SPR) analysis (at 0.5-2.5 μM concentrations). His-ΔNarG and His-ΔFnBPA polypeptides were used as internal negative and positive controls, respectively. Since the His-ΔSCOR and His-ΔIspD polypeptides remained insoluble in the *E. coli*cytoplasm, these proteins could not be purified in non-denaturing conditions and could unfortunately not be included in the verification.

In the ELISA assay, the His-ΔCoa and His-ΔEbh polypeptides interacted with the same immobilized target molecules (upper panel of Figure [3B](#F3){ref-type="fig"}) as those of the corresponding Ftp library clones (upper panel of Figure [3A](#F3){ref-type="fig"}). The His-ΔPurK polypeptide bound to Fn but interacted poorly with Fg, whereas His-ΔUsp showed only a low level interaction with Fn. Similarly as the negative control polypeptide His-ΔNarG, the His-ΔFnBPA and His-ΔPBP polypeptides showed no binding to Fn or Fg in the ELISA.

In the SPR analysis, the His-ΔPurK, His-ΔCoa, and His-ΔUsp polypeptides bound to immobilized Fg whereas the His-ΔFnBPA, His-ΔPurK, and His-ΔEbh polypeptides showed affinity to Fn similarly as did the cell free growth media of corresponding Ftp library clones tested by ELISA (Figure [3A](#F3){ref-type="fig"}). In contrast to the ELISA results, the His-ΔEbh polypeptide reacted also with Fg in the SPR analysis. The His-ΔPBP polypeptide and the negative control peptide His-ΔNarG showed no binding properties in the SPR analysis. However, the SPR results mainly confirmed the results obtained with culture supernatants of Ftp clones. The affinity constants obtained in the SPR analysis are shown in Table [2](#T2){ref-type="table"}.

###### 

SPR analysis of His~6~-polypeptides

  Polypeptide   KD to Fn (M) \*     KD to Fg (M) \*
  ------------- ------------------- -------------------
  His-ΔNarG     0,77                0,72
  His-ΔFnBPA    **5,24 × 10^-6^**   0,31
  His-ΔEbh      0,02                **1,25 × 10^-6^**
  His-ΔCoa      \< 0^†^             **1,80 × 10^-7^**
  His-ΔPurK     **4,43 × 10^-7^**   **5,39 × 10^-6^**
  His-ΔUsp      0,35                **6,45 × 10^-6^**
  His-ΔPBP      0,36                0,13

\* the steady state affinity constants (KD) of the seven analytes tested are shown in molar concentrations; values shown in bold indicate high affinity for the indicated ligand (Fn or Fg).

† affinity was not measurable since all values were negative

Discussion
==========

*S. aureus*NCTC 8325, the parental strain of the prophage-cured *S. aureus*NCTC 8325-4 used for construction of the extracelluar secretion library, carries 22 of the genes encoding the 24 surface proteins implicated in adhesion and all the 13 genes for the secretable proteins implicated in immune response evasion as recently described by McCarthy and Lindsay \[[@B41]\]. According to the literature, only eight of these proteins have been reported to bind Fn and/or Fg and five interact with the ECM. Cna, the only collagen-binding protein in the list of adhesins, is not present in *S. aureus*NCTC 8325-4 \[[@B41]\]. Taking into consideration the above data and the fact that we deliberately screened for binding to only a few model targets of *S. aureus*, the yield from our Ftp library was very satisfying. Among the 1663 clones of the Ftp library, which was constructed in the study, we identified in the primary screening for Fn-, Fg- or collagen-binding polypeptides totally eight clones expressing adhesive FLAG-tagged polypeptides. We found three known Fn/Fg-binding polypeptides (ΔFnBPA, ΔEbh and ΔCoa) and in addition five polypeptides of novel adhesive function (ΔPurK, ΔUsp, ΔSCOR, ΔIspD and ΔPBP). The cloned chromosomal fragments frequently encoded polypeptides below the length of intact binding domains of large staphylococcal adhesins, such as the clumping factors (ClfA, ClfB) and SD-rich fibrinogen-binding proteins \[[@B14],[@B42]\]. Hence, in future applications of the presented technique longer chromosomal fragments should preferentially be cloned. We did however identify several fibronectin-binding polypeptides, which possibly is explained by the fact that short fragments of typical fibronectin-binding MSCRAMMs mediate high-affinity binding \[[@B43]\]. The observed variation in concentration of FLAG-tagged polypeptides in the cell-free supernatants of the Ftp-library clones, which was due to variable expression of the cloned *S. aureus*chromosomal fragments in *E. coli*and may have an effect on the screening results, could be circumvented by quantification of the polypeptides prior to the analysis.

The findings obtained by primary screening of Ftp library clones were confirmed by ELISA and SPR analyses using corresponding purified His-tagged recombinant polypeptides. All the binding results are combined in Table [3](#T3){ref-type="table"}, and strongly indicate that the Fn- and Fg-binding polypeptides ΔFnBPA, ΔPurK, ΔCoa, ΔUsp and ΔEbh truly have adhesive functions under the tested conditions. The very weak interactions observed with ΔPBP (with Fn and Fg) and ΔUsp (with CIV) require further verifications and could not be confirmed by ELISA or SPR using 6xHis polypeptides. Some discrepancies were observed with the Ebh polypeptides, which may be due to the protein itself or the methods applied for verification of the results. In the ELISA assays, ΔEbh and His-ΔEbh bound to Fn, whereas interaction with Fn as well as Fg was observed in the SPR analysis. Fg is not known to be a ligand for Ebh in the literature, but Ebh is a giant protein, 9535 amino acid residues in length \[[@B34]\], and may have unknown properties. ELISA is an end-point type of analysis, whereas SPR is a real-time analysis considered to be very sensitive and optimal for detection of weak interactions \[[@B44]\]. Thus, the SPR technology may in this case have revealed a novel function of Ebh, which remains to be further characterized in a coming study. The verification of the interactions of ΔSCOR and ΔIspD (with Fn and Fg) was hampered since the polypeptides could not be produced as purified His-tagged polypeptides by conventional expression technology.

###### 

A summary of the binding of *S. aureus*polypeptides to immobilized ligands

  Polypeptide tested   ELISA\* cell-free supernatant   ELISA\* purified 6xHis polypeptide   SPR^†^purified 6xHis polypeptide
  -------------------- ------------------------------- ------------------------------------ ----------------------------------
  ΔNarG                \-                              \-                                   \-
  ΔFnBPA               Fn                              \-                                   Fn
  ΔEbh                 Fn                              Fn                                   (Fn), Fg
  ΔCoa                 (Fn), Fg                        (Fn), Fg,                            Fg
  ΔPurK                Fn, Fg                          Fn, (CI)                             Fn, Fg
  ΔSCOR                (Fn), (Fg)                      ND                                   ND
  ΔUsp                 Fn, Fg, (CIV)                   (Fn)                                 Fg
  ΔIspD                (Fn), (Fg)                      ND                                   ND
  ΔPBP                 (Fn), (Fg)                      \-                                   \-
  D1-D3^‡^             Fn                              ND                                   ND

\* Binding of polypeptides to immobilized target molecules by enzyme-linked immunoassay

† Binding of polypeptides to immobilized target molecules by surface plasmon resonance

‡ C-terminally FLAG-tagged recombinant polypeptide used as positive control in screening of the FTP library

\- indicate no binding; ligand in brackets indicate weak binding

ND, indicate not determined. The SCOR and IspD polypeptides could not be produced as 6xHis recombinant polypeptides and the D1-D3 polypeptide was produced into the cell-free growth medium and did not carry a His tag.

The localization in the *S. aureus*cell of the polypeptides we identified as possessing adhesive properties may appear somewhat controversial. According to bioinformatics analysis and a recent proteomics analysis of the *S. aureus*COL strain \[[@B30]\], the protein PurK, in which we identified an Fg- and Fn-binding polypeptide, is intracellular and functions as the ATPase subunit of phosphoribosylaminoimidazole carboxylase. The Fn-/Fg-binding polypeptides SCOR (a putative short chain oxidoreductase), Usp (a universal stress protein) and IspD (2-C-methyl-D-erythritol 4-phosphate cytidylyltransferase) are found both in the cytoplasm and on the cell surface of *S. aureus*\[[@B43]\]. Finally, the PBP polypeptide (substrate binding protein of an iron compound ABC transporter) has been indicated as a lipoprotein. There is increasing evidence that various bacterial proteins regarded as cytoplasmic enzymes also can be found in other tasks outside the bacterial cell and presumably have a dual role. Several examples of such moonlighting proteins \[[@B45]\] and/or anchorless adhesins \[[@B46]\], for which the secretion mechanism still is unknown, have been reported \[[@B47]-[@B49]\]. In addition, screenings for vaccine candidates in *S. aureus*by ribosome display combined with immunoproteome analysis as well as by proteomics-based techniques have identified also intracellular proteins and anchorless cell wall proteins as immunogenic and/or located on the outside of the bacterial cell \[[@B22],[@B50]-[@B53]\]. This indicates that some bacterial intracellular proteins may play a role or, alternatively, at least be localized extracellularly during the *in vivo*infection. Hence, it is likely that our results are not *in vitro*artefacts and that the Fn- and Fg-binding Usp and PurK polypeptides we identified, if localized extracellularly, could mediate host-microbe interaction. It should however be stressed, that the adhesive polypeptides were expressed in a heterologous host and for the obtained results to be fully reliable and reflect the native activity of *S. aureus*proteins, the properties demonstrated for these polypeptides should be further verified in a separate study.

A comparison of the presented technique with alternative expression methods applied in analysis of adhesins and/or the immunoproteome of *S. aureus*reveals benefits and deficiencies in all the technologies. Proteomics-based methods rely on proteins expressed by the target organism at the particular condition that may render the expressome incomplete \[[@B54]\], whereas our method in principle facilitates the expression of any gene product independently of the growth requirements of the target bacterium, i.e. *S. aureus*in our case. The application of other commonly used techniques, such as the proteomics-based expression library screening, ribosome display and surface display techniques, suffer from individual drawbacks exemplified by requirement of cell lysis, removal of cell debris prior to analysis, conformation of the polypeptide to be displayed, disulfide bonds disturbing the surface translocation, or the use of expensive commercial *in vitro*transcription and translation kits \[[@B8],[@B10],[@B55],[@B56]\]. A drawback in biotechnological applications of the recently published complete ORFeome library of *S. aureus*is the requirement to transfer the library plasmids into appropriate expression hosts prior to protein production \[[@B57]\].

The most time-consuming part of the method presented here is the manual construction of the final Ftp library. Once the library has been generated, it can conveniently in a cost- and time-efficient manner be applied in the analysis of any protein-ligand interaction directly using cell-free supernatants in various binding assays. A clear advantage of our and other extracellular secretion techniques such as type I and type III secretion-based methods \[[@B58]-[@B60]\] is the cheap and convenient direct use of cell-free growth media, whereas techniques dependent on intracellular proteins or proteins exported to the periplasm by the SecA-YEG or Tat pathways are more tedious and expensive \[[@B61]\]. As apparent from our results with the polypeptides His-ΔSCOR and His-ΔIspD, proteins difficult to produce by conventional methods may be efficiently produced by this novel and flexible alternative method.

Conclusions
===========

In this study, we generated a random chromosomal library of *S. aureus*in the secretion-competent strain *E. coli*MKS12 (Δ*fliCfliD*), selected only the clones that expressed C-terminally Flag-tagged gene products, and sequenced the DNA fragments of all these 1663 clones. The fragments were distributed evenly over the *S. aureus*chromosome and the library covered approximately 32% of the *S. aureus*proteome. We tested the extracellularly secreted staphylococcal polypeptides for binding to well-known ligands of *S. aureus*and found previously characterized adhesins, such as the Fn-binding D1-D3 repeats of FnBPA, a Fg-binding fragment of staphylocoagulase and a Fn-binding fragment of the ECM-binding protein Ebh. Furthermore, we found five polypeptides with new adhesive properties, a polypeptide of the universal stress protein Usp, and adhesive fragments of the putative short chain oxidoreductase SCOR, the phosphoribosylaminoimidazole carboxylase ATPase subunit PurK, 2-C-methyl-D-erythritol 4-phosphate cytidylyltransferase IspD, and the substrate binding protein of an iron compound ABC transporter, which all bound to Fn and Fg. Currently, we are analyzing the library more comprehensively by screening reactivity of Ftp polypeptides immobilized via the FLAG tag with antibodies from healthy individuals and patients suffering from various staphylococcal infections. This methodologically straight-forward method can in principle be applied on any bacterial species and protein-ligand interaction of interest.

Methods
=======

Bacterial strains and growth conditions
---------------------------------------

The host strain *E. coli*MKS12, and *S. aureus*subsp. *aureus*strain NCTC 8325-4 were available from previous work \[[@B24],[@B62]\]. *E. coli*strains were cultured shaking, in Luria broth (LB) or on agar plates supplemented with ampicillin (150 μg/ml) and streptomycin (100 μg/ml) when appropriate, for 18 h at 37°C. For analysis of adhesive properties, the library clones were grown statically on 96-well polystyrene plates in 300 μl LB and for Western blot analysis the bacteria were grown statically in 3 ml LB. *S. aureus*NCTC 8325-4 was grown in tryptic soy broth or on agar for 18 h at 37°C.

Construction of the library vector
----------------------------------

A DNA fragment carrying a 173-bp 5\' UTR upstream of the flagellin gene of *E. coli*MG1655 \[[@B24]\], a sequence encoding the 20 N-terminal amino acids (*fliC*~1-60~) of FliC~MG1655~, an *Eco*RV restriction site, a FLAG-tag encoding sequence \[[@B25]\], a stop codon, and a 321-bp 3\' UTR of *fliC*~MG1655~\[[@B24]\] was generated by PCR, digested and ligated into the *Sal*I-*Eco*RV digested plasmid pBR322 \[[@B63]\]. This gave the plasmid pSRP18/0 (Figure [1A](#F1){ref-type="fig"}), which carries the *flag*sequence in the same reading frame as the *fliC*~1-60~. Chromosomal DNA of *E. coli*MG1655 Δ*fimA-H*\[[@B64]\] used as a template was available from previous work \[[@B24]\] and primers were designed on the basis of the nucleotide sequence of *E. coli*MG1655. The flag sequence (gactacaaggacgatgacgataag), the stop codon TAA, and the restriction sites used in cloning were included in the oligonucleotides used as primers in PCR. Standard recombinant DNA techniques were used \[[@B65]\].

Construction of the primary genomic library
-------------------------------------------

Chromosomal DNA from *S. aureus*NCTC 8325-4 was purified using Blood and cell culture DNA Midi Kit with genomic-tip 100/G (Qiagen) and randomly fragmented by ultrasonic treatment (4 sec., Ultrasonic processor, VCX600) into fragments of mainly 250 to 1000 bp in length. The DNA fragments were blunted with Mung bean nuclease, the *Eco*RV linearized pSRP18/0 was dephosphorylated with Calf intestinal alkaline phosphatase and the genomic fragments were ligated into pSRP18/0 with T4 DNA ligase using enzymes obtained from Promega according to manufacturer\'s instructions. The ligation mixture was electroporated into *E. coli*MKS12 and transformants grown on Luria agar plates complemented with antibiotics. This generated the primary genomic library of *S. aureus*NCTC 8325-4 in *E. coli*.

Generation of the final Ftp peptide library
-------------------------------------------

We screened the 80000 transformants of the primary genomic library by colony blotting using anti-FLAG antibodies and selected for the library only the Ftp clones. Briefly, a 0.45 μm nitrocellulose membrane (Whatman) was placed on top of bacterial colonies grown on Luria plates for 5 minutes. After removal, the membranes were washed once with PBS containing 0.05% Tween™ 20 (v/v), twice with PBS and blocked at 20°C for 1 h in 2% BSA/PBS (w/v), rinsed again in PBS and incubated with antibodies. Anti-FLAG^®^M2 mAb (Sigma-Aldrich) was diluted in 1% BSA/PBS to a concentration of 0.5 μg/ml and alkaline phosphatase-conjugated secondary antibodies (Dako) to a concentration of 1.5 μg/ml in the same buffer. Ftp clones were picked from the original plates, grown on fresh Luria plates and screened again using the same procedure. On the second round, strain MKS12 (pSRP18/0) was included as a background control and MKS12 expressing D repeats D1-D3 from FnBPA \[[@B32]\] cloned into pSRP18/0 was included as a positive control on the plates. The gene fragment encoding the D1-D3 repeats of the FnBPA protein from *S. aureus*was cloned by PCR into the *Eco*RV site of pSRP18/0 to generate the plasmid p18/0D1-D3. The plasmid pFR015, carrying the *fnbA*gene, was available from previous work \[[@B62]\] and used as a template, the oligonucleotides used as primers were designed on the basis of *fnbA*sequence \[[@B32]\].

Construction and purification of His-tagged *S. aureus*polypeptides
-------------------------------------------------------------------

The gene fragments of the library clones, which encoded an Ftp gene product, were recloned into the pQE30 vector by PCR. Primers were designed on the basis of the sequence obtained from the plasmids of corresponding Ftp clones, which also were used as templates in the PCR. For cloning purposes, the forward primers carried a *Bam*HI or a *Hind*III restriction site and the reverse primers included a *Sph*I or a *Sal*I restriction site. Expression of the gene fragments and purification of the N-terminal His~6~-tagged polypeptides was performed under native conditions according to the QIA *express*System (Qiagen). The purified polypeptides were dialysed against PBS before use and concentration of the correct His-polypeptides was determined from Coomassie-stained SDS-PAGE gels by analysis of whole band intensity of the corresponding polypeptide using image analysis with an internal protein standard of known concentration and using the TINA 2.09c software (Rayest Isotopen Meβgeräte).

Clarification and precipitation of growth media
-----------------------------------------------

The growth medium of library clones cultured in 300 μl LB in 96-well polypropylene plates was centrifuged twice for 15 minutes at 2000 × g and 100 μl of the final supernatant from each well was used for binding assays. For Western blot analysis 1 ml growth medium from a 3 ml bacterial culture was clarified by centrifugation and precipitated with TCA as described before \[[@B24]\].

Binding assay and Western blotting
----------------------------------

Purified human CI, CIV (Becton Dickinson Labware) and plasma Fn (US Biological) were immobilized onto 96-well polystyrene microtiter plates at a final coating concentration of 2 pmol per well in PBS, as described before \[[@B66]\]. Purified Fg (Kordia Life Sciences) and Fet (Sigma-Aldrich) were immobilized at a concentration of 0.85 μg per well for 20 h at 20°C and the wells were subsequently blocked with 2% BSA/PBS for 2 h at 20°C. 100 μl clarified supernatants or 20 nM of purified His-polypeptides were added and left to react with the immobilized proteins for 2 h at +37°C. Bound, extracellularly secreted polypeptides were detected with anti-FLAG^®^M2 mAb (0.5 μg/ml in 1% BSA/PBS) and bound, purified 6xHis polypeptides with anti-His mAb (0.1 μg/ml in 1% BSA/PBS, Clontech Laboratories). Alkaline phosphatase-conjugated antibodies (1 μg/ml in 1% BSA/PBS, Dako) were used as secondary antibodies, *P*-nitrophenyl phosphate (Sigma-Aldrich) was used as a substrate, and the absorbance was measured in a Multiscan Titertek recorder (Eflab) at 405 nm. Reaction volumes were in all steps 100 μl per well. In Western blotting, samples corresponding to 100 or 500 μl of growth medium and 50 μl bacterial culture were analyzed in a 20% SDS-PAGE gel and transferred onto 0.2 μm nitrocellulose membranes. The detection was done using anti-FLAG antibody (0.5 μg/ml in 1% BSA/PBS) and alkaline phosphatase-conjugated anti-mouse antibody (1.5 μg/ml in 1% BSA/PBS).

SPR assay
---------

The interaction between purified His-polypeptides and Fn as well as Fg was analyzed by SPR technology using the Biacore T100 instrument, CM5 sensor chips and amine coupling chemistry according to the manufacturer\'s instructions (GE Healthcare). Single cycle kinetics was applied in the measurements \[[@B67]\]. Briefly, ligands were diluted in sodium acetate, pH 4.5 to 30 μg/ml (Fn) and 80 μg/ml (Fg) and applied onto activated sensor chip surface at flow rates 10 μl/min for 7 min with Fg and 5 μl/min for 9 min with Fn. His-polypeptides used as analytes at concentrations of 0.5 μM, 1.0 μM, 1.5 μM, 2.0 μM and 2.5 μM in PBS were injected at a flow rate of 30 μl/min using PBS as a running buffer. Regeneration of the surface was done between the different analytes using 10 mM glycine, pH 2.3 for Fg and 5 mM NaOH for Fn; control samples were used to confirm that regeneration did not affect the binding.

PCR screening and sequencing of the clones
------------------------------------------

Colony PCR was used to estimate the cloning efficiency, i.e. the% insert-carrying transformants of all transformants in the primary genomic library, from 200 randomly picked colonies and to estimate the average insert size of 200 randomly picked insert-containing clones. The colony PCR was performed using Dynazyme II DNA polymerase (Finnzymes), the PCR primers 017F (5\' taccaacagcctctcgctg 3\') and 028R (5\' caattcaacttgtaggcctgata 3\') purchased from Medprobe shown in Figure [1A](#F1){ref-type="fig"}, recombinant bacterial cells as templates, and applying standard recombinant DNA techniques \[[@B65]\]. The insertions in the 1663 Ftp clones were amplified by PCR using the primers 025F (5\' ggcgattgagccgacgg 3\') and 028R and the recombinant plasmids as templates. The inserts were then sequenced in both directions using the primer 017F for the first sequence batch and primer 071R (5\' ataagcgcagcgcatcagg 3\') for the second batch (Institute of Biotechnology, University of Helsinki, Finland). The primers, which were designed to flank the cloning site in vector pSRP18/0 using the sequences of *E. coli*MG1655 \[[@B68]\] and pBR322 \[[@B69]\], were purchased from Medprobe or Biomers.

Bioinformatics analysis of the cloned *S. aureus*sequences
----------------------------------------------------------

The sequences obtained from the insertions of the Ftp library were compared against the genome and gene sequences of *S. aureus*NCTC 8325 using basic local alignment search tool, BLASTN \[[@B27]\]. By accepting pairwise alignments with at least 95% sequence identity and of length at least 30 nt, a hit was recorded for 1446 and 1538 query sequences in the first and second sequence batch, respectively. All these sequences matched a single genomic region on the genome sequence. In the gene search, query sequences were required to share at least 95% identity and at least 95 nt continuous alignment against the subject sequence. This search resulted in hits for 1325 and 1401 query sequences that showed a trustworthy match against 1695 and 1747 subject sequences. To have a one-to-one correspondence between queries and subjects, we only accepted the gene closest to the *flag*sequence end of the query sequence.

Prediction of amino acid composition and molecular mass on the basis on deduced protein sequences of the library clones was done using ProtParam-tool \[[@B70]\] and analyses of signal sequences were carried out using SignalP and LipoP \[[@B71],[@B72]\]. Gene sequences were also re-annotated by converting them into amino acid sequences, performing a homology search using BLASTP \[[@B27]\] and choosing the most representative descriptions for them with Blannotator \[[@B73]\].

Accession numbers
-----------------

*E. coli*MG1655, GenBank: [U00096](U00096) and NCBI: NC_000913; pBR322, GenBank: [J01749](J01749); *S. aureus*subsp. *aureus*NCTC 8325, GenBank: [CP000253](CP000253) and NCBI: NC_007795; *fnbA*, GenBank: [J04151](J04151).
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**\"Table S1\" shows the list of gene products found by DNA sequencing and bioinformatics of the Ftp-library**. Examples of known adhesive surface proteins and adhesive polypeptides described in the current report are shown in boldface. The abbreviations used as clone and polypeptide names in the current report are shown in parenthesis.
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